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The paper describes a superconducting hot electron bolometer mixer that uses
diffusion rather than interactions with phonons as a cooling mechanism for the hot
electrons. The bolometer is a 0.14 gm wide niobium microbridge with a length less than
0.5 gm. The submicron length ensures rapid diffusion of the hot electrons into contacting
gold films. This mechanism is believed to be fast enough to allow mixer operation with
intermediate frequencies of several GHz. An electron cooling time of 55 ps is inferred from
DC resistance versus temperature measurements, indicating a roll-off frequency close to
3 GHz. Initial receiver measurements using a two-tuner waveguide mixer confirm

heterodyne mixing at 532 GHz with an intermediate frequency of 1.4 GHz.

INTRODUCTION

In recent years SIS devices have been used successfully for low noise astronomical
receivers in the millimeter and submillimeter wave bands. There is a concern, however, that

the superconducting energy gap will limit the performance of SIS mixers at frequencies
above 1 THz. An alternative to SIS junctions above the gap frequency may be

superconducting hot electron bolometer mixers, since the response of these should in
principle be as good above the gap frequency as below. These bolometers do however have
a limitation in the intermediate frequency (IF) bandwidth due to the finite time required to
cool the heated electrons. This is a significant issue, since a bandwidth of at least
500-1000 MHz is required for astronomical observations. Other groups [1,2] have studied
devices where the hot electrons are cooled by electron-phonon interaction, which for Nb

films gives a cooling time of -1 ns and an IF roll-off at around 160 MHz. A receiver using
a NbN bolometer , however, has recently demonstrated mixing at an intermediate

frequency of 1.4 GHz [3].

We are investigating a different approach, where the hot electrons are allowed to
diffuse out at the ends of the bolometer into a contacting normal metal film. If the device is

very short, less than 0.5 !am, the thermal conductance associated with the diffusion process
can dominate by a factor of more than 10 over that due to the electron-phonon interaction,
leading to predicted intermediate frequencies as high as 4 GHz.

One of the two objectives with the measurements presented here was to use the
resistance versus temperature curve of a diffusion cooled bolometer to determine its thermal
conductance, and to calculate from this value the highest usable intermediate frequency.

The other objective was to adapt an existing 547 GHz SIS receiver for use with hot electron
bolometers, and to attempt to make heterodyne measurements in this frequency regime.



BOLOMETERDESIGNAND FABRICATION

Thebolometerconsistsof aniobium microbridge0.14_tmwide and 10nm thick.
Different deviceswere fabricatedwith lengthsranging from 0.14 I.tmto 0.5 lxm. The
length was determined by varying the spacingof the gold pads that overlap the
microbridge, seeFig.1. All bolometerswere fabricatedon 100 _tmthick fused quartz
wafers,whichwerelappeddownto 50 lainafterthedeviceformation.

The first stepin the devicefabrication is the definition of the basewiring layer,
which waspatternedonto thequartzsubstrateusinganoptical lift-off process.The layer
consistsof 110nm of magnetronsputteredNb and30nm of evaporatedAu. The device
layeris thenfabricatedby ablanketdepositionof 10nmof Nb followedby 10nm of Au.
An etchingmaskof 30nm of Cr is patternedusing e-beamlithography with PMMA,
which definesthebolometer.The microbridgeis producedby Ar sputteringof thegold,
followed by reactiveion etching of the Nb with a mixture of CCI2F2+CF4+O2.The
chromiumetchmaskwassubsequentlystrippedbyacommerciallyavailablewetetch.The
100nmthick gold leadswereevaporationdepositedusingane-beamdefinedPMMA lift-
off mask.The 10nmthick gold layeron top of theNbbolometerwasthenremovedby an
Ar sputteringstep.Thefinisheddeviceswerepassivatedby depositionof 40nmof SiO in
alift-off process.

CALCULATEDTHERMALRESPONSETIME

Thevoltageresponsivityof thebolometercanbewritten[4] :

dR 1

S=I.d- 7 G.(I+OJ_F,t.2)V2 (V/W) (Eq. 1)

where I is the DC bias current, R is the microbridge resistance, T is the temperature, G is

the thermal conductance between the hot electrons and the thermal bath, O3IF is 2n × the

intermediate frequency, and x is the thermal response time (cooling time) of the hot

electrons. The response time is "c = C / G, where C is the electronic specific heat of the
bolometer.

From Eq. 1 it is clear that the response rolls off at the frequency :

1

fo = 2Jrr (Hz) (Eq. 2)

The electronic specific heat of the bridge is given by:

C= )'. T. V (J/K) (Eq. 3)

where V is the volume of the niobium microbridge and T = 700 J/K2m 3 (experimental bulk

value).



The Wiedemann-Franzlaw gives the ratio of the electronic thermal conductivity to the

electrical conductivity. This predicts :

Gwe= kn .___LT p_.44.10-a. _._T
3 _,qe) neff neff

(W/K) (Eq. 4)

In our case REff=R/12. This is an effective resistance that corrects for the distributed heat

dissipation and for the two heat sinks at opposite ends of the microbridge [4]. The resulting
value of the thermal response time is given below, and should be used in Eq. 1 if it is much
smaller than the electron-phonon time.

"eWE = C/GwF (s) (Eq. 5)

MEASURED THERMAL RESPONSE TIME

The thermal conductivity G can be estimated from measuring the resistance versus

substrate temperature characteristic for a bolometer at different DC bias currents. Figure 2
shows such a measurement for a 0.2 gm long microbridge. The power dissipated in the

device by the DC current heats the electrons above the substrate temperature, thereby
shifting the R-T curve. The shift in temperature for any given R is equal to the difference in

dissipated power (I12'R - I22"R) divided by G. The difference in dissipated power versus
the shift in temperature for three pairs of currents (11, 12) and several values of R is plotted
in Fig.3. The slope of the fitted curve is the experimental value of G.

Table 1 compares the experimental value GExp to the Wiedemann-Franz limiting
case GWF for two bolometers of different lengths. It also lists the heat conductivity of the

electron-phonon interaction Gel-ph = 4"A'T3V, where A _- 1.1.1010 W/K4m 3 [5]. As
shown in the table, the experimental heat conduction is significantly better than that of the

electron-phonon interaction, but it is less than that predicted by the Wiedemann-Franz law.
The experimental values of the heat conduction together with the specific heat according to

Eq. 3 above give estimated IF roll-off frequencies of close to 3 GHz for both bolometers.

Table 1 : Comparison of calculated and experimental values of thermal conductance, time
constant and IF roll-off frequency. Two expressions used in creating the table are

"CExp = C / GExp and IFMax=l / (2rt-XExp). The device temperature is taken to be 5.2 K,
and the width is 0.14 gm.

Length Resistance C Gel-oh GWF GExp a:Exp IFMax
[I-tm] [f2] [J/K] [nW/K] [nW/K] [nW/K] [psi [GHz]

0.14 12.1 7.1-10 19 1.2 127 12.5 57 2.8

0.2 18.3 10.2-10 -19 1.7 83 18.5 55 2.9



MIXER MEASUREMENTS

Mixer measurementswere carried out using a waveguide SIS receiver for
547 GHz [6]. The quartzchips with the bolometerswereglued into a two-tuner mixer
block, asshownin Fig.4. Thecontactingslidingtunersweremadefrom berylliumcopper,
andtheDC andIF connectionsweremadeby wire bondingthedeviceto themixer block
andto amatchingcircuit.Themixerblockwasmountedontothe4 Kelvincold surfaceof a
vacuumcryostat,asshownin Fig. 5. A 1k.Qmetalfilm resistorin thermalcontactwith
the mixer block was usedas a heaterto vary the temperatureof the bolometer.The
temperatureof the block was monitoredby a diode sensor.Becauseof temperature
gradients in the mixer block, however,we found that the thermal noise power in the
intermediate frequencyband provided a more accurateway of measuringthe device
temperature.No feed-backloop was neededfor the temperaturecontrol, asthe diode
sensortemperatureversusheatervoltagewasreproducibleto within 20mK overaperiod
of severalhours.As shownin Fig.5 thebeamfrom thesignalsourceis focussedinto the
dual-modeconical feedhomof the mixer block using off-axis elliptical mirrors. Two
fluorogold infraredfilters areplacedin thebeampathinsidethecryostat,to reduceroom
temperatureheatflux intothemixer.

Thesignalsourcewasa x2x3 multiplier thatwaspumpedby two Gunnoscillators
asshownin Fig.5. Gunn1in thefigure wasusedto pumpthemultiplier at thefrequency
fGunn 1, thereby providing the local oscillator (LO) for the hot electron bolometer at

6XfGunn 1. The second Gunn was used to inject a small amount of power at frequency

fGunn 2 into the multiplier through a -20 dB coupler. This resulted in additional output

power from the multiplier at a frequency 5XfGunn 1+ fGunn 2, thus providing a
monochromatic signal. The reason that we used this source configuration was that only one
multiplier was available for the experiments. The frequencies of the two Gunn oscillators
could be independently measured with a frequency counter (Fig.5).

The 1.4 GHz intermediate frequency (IF) system is shown in Fig.6. The cooled
amplifier had a nominal noise temperature of 5.6 K, but due to the other components in the
system the total IF noise temperature was between 6.5 and 7.0 K, depending on the IF
impedance of the device in the mixer block. Several configurations of the room temperature
part of the IF system were used, giving total gain values from the mixer to the power meter
ranging from 90 to 105 dB. Part of the IF output power was coupled to a spectrum
analyzer, to verify the heterodyne response with the monochromatic signal source.

The bolometer used in the mixing experiments had a length of 0.2 lxrn, and a width
of 0.14 l.tm. The normal resistance was 23.5 fL Fig. 7 shows two I-V curves. The first
was measured on a dip-stick with the device immersed in liquid helium. The second was
measured in the receiver cryostat, where the device was slightly warmer.

The receiver measurements were made at a local oscillator frequency of 532 GHz
with the signal in the upper sideband. The temperature at the sensor on the outside of the
mixer block was 4.6 K, but the actual temperature of the bolometer was a few tenths of a
Kelvin lower. Figure 8 shows the IF spectrum for five different frequency settings of the
signal Gunn oscillator. Shifting the monochromatic signal frequency causes a
corresponding shift in the IF spectrum, which shows that the response is heterodyne. We
also verified that the measured frequency of the IF signal equals the difference between the
measured frequencies of the two Gunn oscillators. The mixer output shows a maximum at



a bias voltage of about0.1 mV, as shownin Fig.9. The figure showsthe total output
power in the intermediatefrequencybandwith andwithout a signal. It also showsone
pumped(with local oscillatorpowerat 532 GHz) andoneunpumped(no local oscillator
power)I-V curve.In thismeasurementthetotalgainin theamplifierchainwas-94 dB, not
including the mismatch between the device and the 105 t2 IF system.

When the mixer block was heated, the mixer output signal decreased. The data in

Fig.10 was prepared by subtracting the output powers with and without signal at a few
different temperatures. The local oscillator and signal power levels were held constant for
the data points in the figure. As can be seen, the mixer output fell rapidly as the bolometer
approached the critical temperature of the niobium film, which was 5 to 5.5 K. The
temperatures in Fig.10 were inferred from measurements of the thermal noise in the
intermediate frequency band from the device at zero bias current. Due to small uncertainties
in the calibration of the intermediate frequency amplifier chain, we estimate the systematic

error in the temperature readings to be approximately 0.4 K.

When the device is in the limit of small heating of the electrons above the bath temperature

by the DC current, the temperature in the Wiedemann-Franz law may be approximated by
the bath temperature Tb. This leads to a temperature increase for the hot electrons that is

proportional to the DC power PO, so that (Th-Tb) o_ P0 = R'Io 2 where Th is the hot

electron temperature. The hot electron temperature increase should be proportional to I0 2.

For large DC bias currents this approximation is incorrect, and instead the Wiedemann-

Franz law leads to the dependence (Th2-Tb 2) _ P0 = R'Io 2 • This means that for large bias

currents the hot electron temperature should increase in proportion to I0. This would cause
the output thermal noise power from the device to increase in proportion to I0 instead of

I0 2. This linear dependence can be observed in Fig. 11 . It should be pointed out, that a
linear dependence of output noise power with current can also be indicative of shot noise.
This requires, however, that a tunneling barrier is present in the device. At this point we are
not aware of any such barrier.

SUMMARY

The resistance versus temperature measurements of the 0.2 gm long electron
diffusion cooled bolometer indicates that the thermal conductivity is approximately 18.5

nW/K. Together with an estimated electronic specific heat of 10.2.10 -19 J/K this gives a

thermal response time of 55 ps, leading to an estimated highest intermediate frequency of
2.9 GHz. This would clearly be sufficient for heterodyne receivers for submillimeter
astronomy. The shorter (0.14 gm) bolometer gave similar results, namely 57 ps and
2.8 GHz.

A quartz chip with a 0.2 gm long bolometer was mounted into an existing
waveguide block SIS receiver. Measurements using a local oscillator and monochromatic
source confirm that the bolometer shows heterodyne response at a local oscillator frequency
of 532 GHz and an intermediate frequency of 1.4 GHz. The strongest mixing is seen at
bias currents slightly above the non-linearity in the I-V curve. The IF signal output power
decreases strongly with temperature, which suggests that the heterodyne response will be
even stronger with the device cooled to lower temperatures than in our present
measurements.



At high DC bias currentsthe outputnoise in the intermediatefrequency band
increasesproportionallywith thecurrent,whichis predictedby theWiedemann-Franzlaw
in thelargeheatinglimit. A proportionaldependenceof outputpoweronbiascurrentcan
alsobeexpectedfrom a shotnoisesource,but nosuchsourcein thedeviceis known to us
atthis time.
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Fig. 1:SEMimageof a hot electron bolometer. The crosshatched areas in the inset are
10 nm of Au on 10 nm of Nb; both layers are under the large 100 nm Au film.
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Fig. 2: R versus T for a 0.2 _tm long bolometer. The different curves were measured
at 5, 10, 15, 20 and 25 _tA.
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